Noise properties of a resonance-type spin-torque microwave detector 
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We analyze performance of a resonance-type spin-torque microwave detector (STMD) in the 
presence of noise and reveal two distinct regimes of STMD operation. In the first (high-frequency) 
regime the minimum detectable microwave power Pmin is limited by the low-frequency Johnson- 
Nyquist noise and the signal-to-noise ratio (SNR) of STMD is proportional to the input microwave 
power Prf. In the second (low- frequency) is limited by the magnetic noise, and the 

SNR is proportional to V-Prf • The developed formalism can be used for the optimization of the 
practical noise-handling parameters of a STMD. 

PACS numbers: 85.75.-d, 07.57.Kp, 84.40.-x 



It has been shown in [Ti,l2j that a magnetic tunnel junc- 
tion (MTJ) subjected to the external microwave current 
iRpit) = /rf cos(27r/t) can perform as a resonance-type 
quadratic detector of microwave radiation generating the 
DC voltage Ubc proportional to the acting microwave 
power Ubc = sPrf {Prf ~ ^rf)- The detector opera- 
tion is based on the spin-torque effect d, |3] and the de- 
tector sensitivity e has a maximum value e = ercs when 
the frequency of the external microwave signal is close to 
the eigen- frequency /o of the MTJ nanopillar, / = /o- 

The resonance sensitivity Ej-cs of the spin-torque mi- 
crowave detector (STMD) was calculated in ^E]: 
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where 7 « 27r • 28GHz/T is the modulus of the gyro- 
magnetic ratio, h is the reduced Planck constant, e is the 
modulus of the electron charge, P is the spin-polarization 
efficiency of the MTJ, Mg is the saturation magnetization 
of the free layer (FL) of MTJ, V — -Kv^d is the volume 
of the FL (r is its radius and d is its thickness), F is 
the magnetization damping rate in the MTJ FL propor- 
tional to the Gilbert damping constant a, and Q{Oo) is 
the geometrical factor that depends on the angle 9o be- 
tween the directions of the equilibrium magnetization in 
FL and pinned layer (PL) of the MTJ. For an in-plane 
magnetized MTJ, g(6'o) = sin^ 6*0/(1 + cos 6*0 )^ 

Estimations based on Eq. ([1]) 5] and recent experimen- 
tal results have demonstrated that the STMD sensi- 
tivity can exceed that of passive semiconductor Schottky- 
diode microwave detectors (e ~ 1000 V/W), which makes 
STMD very interesting for practical applications in mi- 
crowave measurement technology. 

The operation and the minimum detectable power of 
all types of microwave detectors are limited by noise 



(in particular, by the low-frequency Johnson-Nyquist 
(JN) noise in the case of unbiased Schottky diodes [7]), 
and, therefore, it is important to understand the noise- 
handling properties of the novel STMD based on MTJ. 

In this Letter we present theoretical analysis of the 
noise properties of a passive STMD (no DC bias current) 
using the STMD model developed in with additional 
terms describing influence of thermal fluctuations. In our 
analysis we took into account three sources of noise: 

(a) Low-frequency Johnson-Nyquist ( JN) noise voltage 
L/N(i) associated with the MTJ resistance Rq. This type 
of noise is additive and is independent of the magnetiza- 
tion dynamics. 

(b) High-frequency JN noise current /n (t) which trans- 
forms into a non-additive low-frequency noise after mix- 
ing with the microwave oscillations caused by the input 
microwave signal. 

(c) Magnetic noise (MN) , which is caused by the ther- 
mal fluctuations of the magnetization direction in the 
MTJ FL. This noise, modeled by a random magnetic 
field B-^{t), leads to the fluctuations of the electrical re- 
sistance of the STMD and transforms to low frequencies 
after mixing with the driving current /rf (t) . 

The dynamics of magnetization M in the MTJ FL 
under the action of a microwave current containing both 
deterministic and noise components I{t) = /RF(i) + ^N(i) 
and noise magnetic field SnI^) is described by the 
Landau-Lifshits-Gilbert-Slonczewski equation: 
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[M X [M X p]] + 7[BN(i) X M] , (2) 
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where B^tfiM) is the effective magnetic field, which in- 
cludes the external bias magnetic field Bq and the de- 
magnetization field, p is the unit vector in the direction 
of the magnetization of the MTJ PL, a = {'^h/2e)P/[{l + 
cos 9)MsV] is the current-torque proportionality coef- 
ficient, and 9 is the angle between vectors M and p. 
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We performed analysis for a "planar" STMD, in 
which both FL and PL are magnetized in-plane. 
In this case, the MT J eigen-frequency is /o — 
(7/27r)-\/i3o(Bo + Mo-^s) and the damping rate has the 
form r — a^(BQ + hqMs/2), where fiQ is the vacuum sus- 
ceptibility. We assumed that f ~ fo ^ r/(27r). Using 
Eq. ([2]), we found the linear FL magnetization response 
to current I{t) and field i?N(i) in the frequency domain. 
The output STMD signal was calculated as the low- 
frequency part of the voltage [R{9)I{t) + C/nC^)], where 
R{9) = R±/{l + P'^ cosO) is the MTJ magnetoresistance, 
R± — RA/(7rr^) is the MTJ resistance in the perpendic- 
ular magnetic state {9 = tt/2), and RA is the resistance- 
area product of the MTJ. We assumed that all noise 
sources are independent Gaussian processes with uni- 
form spectral densities S{U-[^) = S{Ij^)Rl = 2kBTRo and 
^(Bn) = 2akBT/ {jMgV), where ks is the Boltzmann 
constant, T is the noise temperature, and i?o = Ri^o) is 
the equilibrium resistance of MTJ. The detailed deriva- 
tion of the noise spectrum of STMD will be presented 
elsewhere @. 

We found that the noise of the output voltage [/dc = 
Etos^'rf has characteristic spectral width of F and, for 
typical frequency bandwidth of measurement A/ <t; 
F/(27r), can be considered as frequency-independent. 
The root mean square fluctuations AUbc can be writ- 
ten in the simple form 



AUdc ^U.m\ 1 
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where the three terms in the right-hand side part of the 
equation describe, respectively, the influence of the three 
above mentioned noise sources and 



C/jN = y/AkeTRoAf 

UlM — 



Rq jj^^ _ 7^ Bp 



(4a) 
(4b) 



For typical parameters (see e.g. [sl, joj) of an MTJ 
nanopillar (r = 50 nm, d = 1 nm, P = 0.7, = 45 deg, 
Ro = 500 r2 (giving RA = 5.29nfim^), a = 0.01, 
fioMs = 0.8 T, Bq = 38 mT (giving /o = 5 GHz)) 
Eq. ^ gives the resonance STMD sensitivity in the pas- 
sive regime Srcs ~ 700 V/W, which is comparable to 
the sensitivity of Schottky diodes At room tem- 

perature T = 300 K and for the measurement band- 
width of A/ — 1 MHz Eqs. (|4]) give the following es- 
timations for the noise-induced voltages: [/jn — 2.88 ^V, 
UiM = 175.9 mV, Umn = 3.14 ^V. 

It is clear that the characteristic voltage Uim of the 
non-additive high frequency JN noise is much larger than 
the voltages created by the low frequency JN noise C/jn, 
magnetic noise Umn, and the typical DC voltage out- 
put J7dc of the STMD. This means that the influence of 
the high-frequency JN noise in Eq. Q can be completely 
ignored. Note, also, that, in contrast with the other char- 
acteristic noise voltages, the voltage Umn caused by the 
magnetic noise is proportional to the bias magnetic field 
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FIG. 1: Dependence of the SNR of STMD on the input 
microwave power Prp calculated from Eq. ((SJ for two differ- 
ent frequencies of the input microwave signal: fi — 1 GHz 
(dashed blue line) and /2 = 25 GHz (solid red line) . All other 
parameters are the same as indicated below Eqs. Q. Pmin 
is the minimum detectable power of STMD (at SNR = 1) 
and Pmn is the frequency-dependent characteristic power of 
magnetic noise. 



-Bo, and, therefore, increases with the increase of the fre- 
quency of the input microwave signal. 

Now, introducing the microwave powers Puf = 

U-Dc/eres, P}N = Ujn/Sres, PmN = ^^MN/eres and USiug 

Eq. ([3]), we can write a simple expression for the signal- 
to-noise ratio (SNR) of the STMD in terms of these char- 
acteristic powers: 



SNR: 
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The simple analysis of Eq. ([5]) demonstrates that there 
are two distinct regimes of operation of the resonance 
STMD in the presence of thermal noise. We shall clas- 
sify them by the type of noise that limits the minimum 
detectable power of STMD Pmin (power corresponding to 
SNR= 1). 

The first regime corresponds to the case of relatively 
high frequencies of the input microwave signal, when 
Pmn > Prf (for Prf Pmin)- In this regime, simi- 
lar to the conventional semiconductor diodes, the min- 
imum detectable power is limited by the low-frequency 
JN noise, P^in = Pjn, and the SNR of STMD is lin- 
early proportional to the input microwave power Prf 
(SNR~Prf/Pjn). 

The second regime takes place in the opposite limiting 
case of relatively low input frequencies, when Pmn ^ 
Prf • In this case the SNR of STMD increases with Prf 
much slower than in conventional diodes, and is propor- 
tional to the square root of the input microwave power: 
SNR ~ Prf /Pmin- The minimum detectable power 
Pmin = PjNZ-f'MN in this regime is limited by the mag- 
netic noise in the FL of the MTJ. 

We note, that if at a fixed frequency of the input signal 
the SNR of an STMD is measured in a wide range of 
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FIG. 2: Characteristic power of magnetic noise Pmn (solid 
red line) and minimum detectable power Pmin of STMD 
(dashed blue line) as functions of the input microwave fre- 
quency /. The blue dashed area corresponds to undetectable 
signals Prf < Pmin and gray shaded area shows the low- 
frequency STMD regime, where the magnetic noise is domi- 
nant in the whole practical region Prf > Pmin- Inset: min- 
imum detectible microwave power delivered to a 50-Q, trans- 
mission line Pmin [50 Q] for f — 5 GHz as a function of the 
radius r of the MTJ nanopillar. STMD parameters are indi- 
cated below Eqs. (|4|. 



input powers, covering both the above described limiting 
cases, it is possible to find the characteristic power of the 
magnetic noise Pmn with a good accuracy, and, using 
expression (|4b[) for C/mn, to determine with the same 
accuracy the MTJ spin-polarization efficiency P. 

The existence of two distinct regimes of STMD opera- 
tion is illustrated in Fig. [U where two curves calculated 
from Eq. §i show the STMD SNR as functions of the in- 
put power for signal frequencies /i = 1 GHz (dashed blue 
line) and /2 = 25 GHz (red solid curve). It can be seen, 
that both curves (presented in logarithmic coordinates) 
demonstrate the clear change of slope from 1 to 1/2 in the 
region, where the input power Prf is close to the charac- 
teristic power of the magnetic noise Pmn (which increases 
with the increase of the input signal frequency). The min- 
imum detectable power Pmin (corresponding to SNR = 1) 



in the high-frequency case is smaller than Pmn and lies 
in the region of the linear dependence of SNR on Prf 
(solid red line in Fig.[T]). The situation is opposite in the 
low frequency case (blue dashed curve in Fig. [T]), when 
Pmin > Pmn and lies in the region, where the slope of 
the SNR curve is equal to 1/2. 

The evolution of the characteristic powers Pmn and 
Pmin with the increase of frequency of the input mi- 
crowave signal is shown in Fig. [21 The curve Pmn(/) 
separates the plane into the region, where magnetic noise 
is dominant (above the curve), and the region, where the 
STMD operation is limited by the JN noise (below the 
curve). It is, clear, that the smallest detectable power is 
achieved near the border of these two regimes. 

When an STMD based on an MTJ nanopillar is used as 
a sensor of microwave radiation, it is typically connected 
to a standard transmission line with the impedance of 
Ztl = 50f2. The minimum detectable microwave power 
delivered to a 50-Cl transmission line can be written as 

[13 Pmin[50n] = (l/4)(i?o + ^TL)'Pmin/^TLPo. Usiug 

this expression and taking into account the size depen- 
dence of the STMD resistance {Rq cx l/r^), it is possible 
to show that Pmin [50 51] has a clear minimum as a func- 
tion of the nanopillar radius r. For instance, the opti- 
mum value of the nanopillar radius is ropt ~ 100 nm for 
the input frequency f — 5 GHz (see the inset in Fig. [S]). 

In conclusion, we have demonstrated that STMD in 
the presence of noise can operate in two distinct regimes, 
one of which is limited by magnetic noise and is different 
from the regime of operation of traditional semiconduc- 
tor detectors. We have, also, suggested that the measure- 
ments of STMD SNR in a wide range of input powers can 
be used to determine the spin-polarization efficiency P of 
MTJ nanopillars, and have shown that the developed for- 
malism can be used for the optimization of noise-handling 
parameters of a STMD. 
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